INTRODUCTION
The reversibility of lithium extraction and insertion in spinel lithium manganates can be exploited both in selective lithium sorption from aqueous solutions [I] and in nonaqueous rechargeable batteries [21. Depending on the oxidation state of manganese in the parent compound, the process in aqueous solution may occur both through electron transfer and by exchange with protons [1, 3] . Manganese K-edge XAFS allows the chemical and smctural changes accompanying lithium extraction and reinsertion to be compared for materials in which one or the other of these mechanisms dominates [4] . Here we summarise results for the mixed valence spinel LiMnz04 ( L~M I I~M~' V~~) , and investigate the potential of ab initio curved-wave multiple scattering calculations to allow the experimental data to be analysed beyond a simple two-shell model.
EXPERIMENTAL
LiMnz04 was prepared by heating a ground mixture of lithium and manganese carbonates to 800 "C for 24 h in air. Lithium extraction to give A-Mn02 was achieved by stirring in 0.2M HCI for 72 h, and lithium reinsertion in 0.1M LiOH for 120 h.
X-ray absorption data were recorded in transmission mode at 77K for samples diluted in boron nitride and pressed as Nujol mulls between Parafilm windows, on the EXAFS 3 spectrometer at LURE-DCI with Heme-filled ionisation chambers and a Si 311 double monochromator. Data analysis was perfomed by standard procedures described elsewhere [4,51. Ab initio curvedwave multiple scattering ~( k ) and p(Q spectra were calculated with FEFF6 [61, using the Hedii-Lundqvist photoelectron selfenergy with a 1.5 eV correction to the imaginary part. Clusters of -8 A radius, comprising -250 atoms in 24 coordination shells, were constructed for calculation of atomic scattering potentials. Scattering terms up to third order and with path lengths up to 18 A were considered, and those contributing a mean-path amplitude greater than 2.5% of that of the first shell maximum were included in the final calculation of the spectra. Mnm compound is oxidised. The presence of Mnm (a Jahn-Teller ion) in the (dots) and reinsertion lithium-form material introduces some local tetragonal distortion not detected (circles). Insert: pre-edge peaks. by diffraction experiments which reflect only the long range cubic symmetry.
The reversibility of the redox process is seen from the complete restoration of the spectrum of the original parent material when lithium is reinserted, including the chemical shift of the absorption edge, the pre-edge structure, interatomic distances and higher Debye-Waller factors. For R>5 A multiple scattering terms have more significant eff&ts'bn the single scattering model, with twelve manganese at both 4.93 and 5.68 A, were unsuccessful. Differences in the phase shifts for the first order term relating to the manganese at 5.68 A, and second-and third-order terms which produce large amplitudes due to forward scattering once and twice respectively by the colinear manganese atom at 2.84 A, strongly affect the EXAFS spectrum and its Fourier transformation in this range of R. It was therefore not possible to reproduce the experimental spectrum with only the first-order term, even with an inflated coordination number. Considerable improvement in fitting the theoretical curve was obtained by including the multiple scattering terms (Figure 2c ). This simulation allowed the Mn-Mn distances to be refined at 4.92 and 5.67 A respectively, within 0.01 A of distances determined from the radii of the first two shells.
Figure 3 compares simulations of p(E) at the absorption edge with the experimental data for h-Mn02. The simulations have been displaced 11 eV to higher energy to correct for a difference in the absolute energy scale. The thud-order calculation for the full 24-shell cluster satisfactori1y reproduces the resonance B and the relative energy of the resonance A, although neither the full white line intensity 6540 6.560 6580 6600 6620
at A nor the double inflection structure in the edge itself could be reproduced. Reducing the thiid-order calculation to include only the fist four coordination shells and a third-order calculation over the first two shells give only a single broad multiple scattering simulations for resonance, and the inclusion of multiple scattering to the third and fourth shells is ti) 24, ei) 47 and (iii) and therefore essential to reproduce the experimental data. These shells consist of (iv) a sing1e scattering oxygen atoms at distances 3.3-3.5 A from the central manganese. The near edge for (Spectra structure is therefore found to derive principally from highly degenerate multiple vertically for clarity).
scattering paths involving these oxygen atoms, rather than manganese shells.
